INTRODUCTION
performing GWES (9, 10). However, a different route is taken towards selecting the best candidates 66 of directly co-selected or interacting mutations among the identified signals of co-variation. These are 67 chosen as the significant outliers in terms of a global background distribution estimated across the 68 genome, combined with a pruning method introduced for analyses of gene expression data (12). The 69 focus on the statistical quantification of the background pattern across the genome lends itself well to 70 an intuitive and efficient visualization of the results akin to a Manhattan plot used in genome-wide 71 association studies, which we term as the GWES Manhattan plot. 72 We demonstrate the usefulness and reliability of SpydrPick by application to both simulated 
90
where ( , ) is the joint probability of = and = , while ( ) = ∑ ) and ( ) = = 1 .
119
The effective count eff ( , ) is calculated by summing the weights of all sequences with the 120 corresponding joint configuration over the SNP sites represented by and . The counts in (2) are 121 then replaced with the corresponding effective counts:
122 ̂e ff ( , ) = eff ( , ) + 0.5 eff + • 0.5 .
123
The above estimates are finally plugged into (1) resulting in the reweighted MI estimator. Table S1 for exact simulator settings). The simulation was repeated ten times genome alignment was generated from short-read data aligned to the reference sequence of S.
240
pneumoniae ATCC 700669 whose genome is a circular chromosome of 2,221,315 bp (19). For the 241 GWES, bi-and multi-allelic loci with MAF greater than 1% and GF smaller than 15% were included in 242 the analyses. The filtered alignment contained 94,880 SNPs.
243
The diverse population structure in the data, together with the recombinant nature of S.
244
pneumoniae, make the data ideal for GWES (9). Moreover, this particular data set has previously 245 been analysed by DCA approaches, which successfully discovered several interacting regions with plausible biological explanations (9, 10). Hence, the main aim for this data set was to investigate how 247 well the earlier highlight findings could be rediscovered using our model-free method.
249
Neisseria meningitidis. Our second real alignment contained 2,148 N. meningitidis strains, of which 250 543 were published by Lucidarme et al. 2015 (20) and the rest were obtained from different 251 sequencing projects run in the Wellcome Sanger Institute, Cambridge (see Table S4 for more details).
252
The pan-genome of the strains included in the study was created using Roary (21) The complex structure of the population generated under the neutral model is visible in the estimated 274 phylogenetic tree, which has a large number of well separated clades (Fig 3a) . transferase also involved in cell wall biogenesis and, as noted by (9) when excluding sequences that contain a gap on either site (see Table S2 ). a mock distance constructed for illustrative purposes from the ordering of the genes in the alignment.
358
As expected, Fig 6a shows (35), and calculated the inter-gene distances (Table   372   S3 ). This revealed that most of the links were relatively short-distance, making it difficult to rule out 373 the possibility of LD, especially for intra-phage-links. Hence, we looked closer at the 5 long-distance 374 links for which the involved genes were more than 10 kbp apart in the reference genomes. SNAP2 which outputs a value between -100 (completely neutral) and 100 (high functional effect) (46).
410
The predicted effects of the group_5289 and trpE mutations were 45 and 32, respectively, making 411 both likely candidates for mutations under selection. The rapidly increasing availability of population-wide genome sequence data has boosted the 423 potential for data-driven exploration of genetic variation associated with bacterial evolution. As a 424 result, high-dimensional exploratory data analysis methods have become valuable tools for 425 generating detailed hypotheses and identifying important targets for subsequent experimental work.
426
For eukaryotes, genome-wide association studies (GWAS) have been the primary tool for this 427 purpose for more than a decade, and more recent works have demonstrated the applicability and 428 potential of GWAS also for bacteria (29, 47, 48) . In addition to GWAS, the phenotype-free approach 429 of genome-wide epistasis and co-selection studies (GWES) has recently emerged, and successfully 430 been used to uncover mechanisms behind complex bacterial traits associated with survival, 431 proliferation and virulence (8-10).
432
The main advantage of GWES lies in its unsupervised approach. 
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